ABSTRACT Objective: The objective of this study is to evaluate the efficacy and safety of renal denervation in patients with resistant hypertension.
INTRODUCTION
Hypertension is an important risk factor for mortality worldwide, causing an estimated 7.5 million deaths per year. 1 Despite receiving hypertensive medications, only 53% of patients with hypertension achieve the recommended blood pressure targets, 2 with a proportion of these patients developing resistant hypertension. Resistant hypertension is defined as blood pressure that remains above goal in spite of the concurrent use of three antihypertensive agents of different classes, with one of the three agents being a diuretic. 3 There has been significant interest in targeting the renal sympathetic nervous system in treatment of systemic hypertension. Evidence suggests that sympathetic nervous system over-activity is responsible for the development and maintenance of hypertension. 4 Historical observations have shown that surgical sympathectomy can achieve good blood pressure reduction. 5 
More

KEY MESSAGES
What is already known about the subject?
▸ Renal denervation has generate significant interest as a method for the treatment of systemic hypertension. ▸ Several non-blinded studies of renal denervation have shown favourable reductions in blood pressure.
What does this study add?
▸ The high quality SIMPLICITY HTN-3 trial, failed to demonstrate any significant improvement in blood pressure compared to control, whereas meta-analysis of two RCTs without sham control or blinding found significant reduction in BP with renal denervation. ▸ Other non-blinded observational studies which are at risk of bias appear to suggest that there are significant reduction in blood pressure with renal denervation.
How might this impact on clinical practice?
▸ Current evidence provides insufficient evidence to support the use of renal denervation in the treatment of resistant hypertension as the highest quality trial failed to demonstrates this relationship.
recently, catheter-based renal denervation that applies low-level radiofrequency (RF) energy to disrupt renal sympathetic nerves within the renal artery wall has emerged as a promising minimally invasive treatment for hypertension. There is growing clinical evidence to suggest that this method effectively and safely reduces blood pressure in patients with resistant hypertension. 6 7 Most recently, however, the SYMPLICITY HTN-3 single blind randomised controlled study reported a failure to reach its primary efficacy endpoint of a reduction in office-based systolic blood pressure from baseline to 6 months. 8 9 In view of the renewed interest around renal denervation, particularly in light of the SYMPLICITY HTN-3 trial data, we report a systematic review and meta-analysis, which aims to evaluate the efficacy of renal denervation in the treatment of resistant hypertension over time.
METHODS
Study eligibility
Studies were considered for inclusion if they evaluated the use of catheter-based renal sympathetic denervation compared to a control group and reported blood pressure results at follow-up. Single arm studies, case reports, case series, letters and editorials were excluded, but relevant reviews were retrieved to identify additional studies.
Search strategy
Our search was carried out using the OvidSP interface covering MEDLINE and EMBASE from inception until April 2014. Brown search terms were used to reduce likelihood of missing relevant studies (see online supplementary appendix 1).
Two reviewers (CSK and SP) independently checked retrieved titles and abstracts for eligibility, and the relevant abstracts were checked by the other reviewers (YKL and MAM). Finally, two reviewers manually searched bibliographies of included studies, as well as full-text review articles identified from the search (CSK and YKL).
Data extraction
Two reviewers (CSK and SP) extracted data on study, design, patient characteristics, treatment, follow-up and results, and performed quality assessment of included studies. This was checked by the other reviewers (MAM and YKL).
Data synthesis
We planned to perform meta-analysis using RevMan V.5.1.2 (Nordic Cochrane Centre) using the inverse variance method for mean difference if there was not more than a moderate degree of heterogeneity. The random effects model was used because it considers study heterogeneity when generating an average estimate. Statistical heterogeneity was evaluated through the I 2 statistic
where values of 30-60% were representing moderate heterogeneity. 10 
Validity assessment
Validity assessment was performed by considering use of blinding, outcome ascertainment, baseline differences, loss to follow-up and selective reporting. A subjective overall risk of bias was also assigned for each study based on these factors. In addition, we planned to conduct asymmetry testing for publication bias provided that there were >10 studies in the meta-analysis and if statistical heterogeneity was <50%.
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RESULTS
Twelve studies met the inclusion criteria (study selection is shown in online supplementary appendix 2). These studies included three randomised controlled trials, 7-9 12 eight prospective observational studies 6 13-19 and one observational study with matched controls 20 with a total of 1556 participants (table 1). In general, the participant selection criteria were similar across all but one study that randomised patients with atrial fibrillation to renal denervation and pulmonary isolation versus pulmonary isolation alone. 12 The risk of bias assessment is shown in online supplementary appendix 3. All included studies were nonblinded except for SYMPLICITY HTN-3. The majority of studies were deemed to be of at least moderate risk of bias. Two studies were only available in abstract form and were deemed to be at high risk of bias.
The renal denervation procedures, control group, follow-up and results are shown in table 2. The majority of studies used the SYMPLICITY catheter system by Medtronic with multiple ablations in both renal arteries. All except two studies did not describe in detail the management received by the control group. In the matched observational study, 20 normotensive and controlled blood pressure controls from the Australian Diabetes, Obesity and Lifestyle database were used. In another randomised trial of patients with atrial fibrillation, patients were randomised to pulmonary vein isolation alone or in combination with renal denervation. All studies included reported increased reductions in systolic and diastolic blood pressure with renal denervation therapy, compared to controls.
Three randomised controlled trials were considered for meta-analysis. However, there was significant statistical heterogeneity when pooling the three randomised controlled trials and it was decided that the two unblinded trials (of moderate-high risk of bias) would be considered separately from the higher quality trial that had used a sham procedure as placebo. Data from SYMPLICITY HTN-3, the only high-quality blinded randomised control trial, suggests that there was no significant difference in change in systolic (−2.30 95% CI −6.90 to 2.30 mm Hg) or diastolic (−1.96 95% CI −4.98 to 1.06 mm Hg) blood pressure at 6 months. The pooled data from two unblinded trials of lower quality showed significant reduction in change in systolic (−27.36 95% CI −37.08 to −24.61 mm Hg) and diastolic blood pressure (−9.62 95% CI −14.51 to −4.72 mm Hg). The subgroup testing proves significant differences between the two data set and confirms that moderate-high risk of bias studies give significant effects while low risk of bias studies do not. The results are presented in figure 1 .
Results from other observational studies are shown in table 2. Systolic and diastolic blood pressure reductions with renal denervation were reported by all of these studies. 6 13-20 Only a few studies reported adverse events associated with renal denervation (see online supplementary appendix 4). The SYMPLICITY HTN-3 trial was the only study to report cardiovascular events at 6 months follow-up. There was no significant difference between treatment and control group in terms of death, myocardial infarction, new onset renal disease, stroke and hypertensive crisis or emergency. The most commonly reported adverse event was a pseudoaneurysm at the femoral access site and this was reported in four studies. 6 7 17 18 Other adverse events reported included renal artery dissection, 6 contrast medium allergic reaction, 18 postprocedural hypotension, 7 intraprocedural bradycardia 7 and five cases of hypertensive emergencies requiring admission to hospitalisation (three in the renal denervation group and two in the control group). 7 
DISCUSSION
Our systematic review of three randomised controlled trials with 688 participants has suggested a wide range of reported outcomes associated with the treatment of drug-resistant hypertension by renal denervation. Data derived from the highest quality single-blind, randomised, sham-controlled trial (SYMPLICITY HTN-3) suggests that renal denervation does not produce significant reductions in systolic blood pressure and diastolic blood pressure while lower quality non-blinded randomised controlled trials and observational studies suggest that there are significant reductions in blood pressure with renal denervation. These latter studies are confounded by significant bias.
The choice of control arm is an important consideration when evaluating studies of renal denervation. The SYMPLICITY HTN-3 trial was the first randomised controlled trial to use both a sham-control group and blinding. This raises the issue of possible bias during outcome assessment in the other two randomised controlled trials and non-blinded observational studies where there may have been major differences in the subsequent monitoring and follow-up, or medication adherence and use of cointerventions among patients who had undergone renal denervation. Inadequate blinding may cause bias through differences in recording blood pressure. Interestingly, in the SYMPLICITY studies, the magnitude of reduction in blood pressure following renal denervation was also significantly greater if recorded through office measurements compared to ambulatory measurements. For example, the decrease in systolic blood pressure at 6 months following renal denervation was between 25 and 30 mm Hg for office blood pressure measurements while on 24 h ambulatory monitoring, it was approximately 10 mm Hg. 6 7 21 The reasons for these differences in magnitude of benefit depending on the modality by which blood pressure is measured remain unclear although ambulatory blood pressure monitors operate in a blinded fashion whereas office blood pressure measurements as in the SYMPLICITY studies are recorded in an unblinded fashion and were therefore subject to bias. The failure of the SYMPLICITY HTN-3 trial to meet the primary blood pressure end point is of interest. The blinded, sham nature of the study would remove many of the biases included in unblinded denervation studies, such as the possibility of decreased medication adherence in patients randomised to the medical treatment arm with improved adherence in the treatment arm. Office-based blood pressure measurements are a significant source of major bias, 22 with significant potential for regression towards the mean. Patients enrolled in hypertension studies have a better chance of meeting the inclusion criteria of the study on a day when their blood pressure is above their own long-term mean. If the patient's blood pressure is then followed up, its average will tend to return to that individual's true mean pressure, even if there was no intervention introducing bias. 22 One aspect that has drawn comment regarding the failure of the SYMPLICITY HTN-3 trial to show efficacy in the treatment of drug-resistant hypertension relates to whether or not participants achieved optimal renal denervation and the potential for different subgroups of patients to respond differently to the denervation procedure. [23] [24] [25] Reductions in blood pressure were observed in specific subgroups of patients particularly in non-black patient cohorts and in younger patients, although the absolute reduction in BP in these subgroups was small with an order of magnitude around 5-6 mm Hg. Whether this represents differences in the importance of the sympathetic nerve system in the pathophysiology of drug-resistant hypertension in these cohorts or the efficacy of the procedure in disrupting neural pathways in these patients remains unclear.
While angiographic markers of successful delivery of energy causing vascular disruption (notching) can be seen during the denervation procedure, no reliable markers of renal denervation are available, hence the completeness and extent of renal nerve disruption is uncertain. The unipolar nature of the SYMPLICITY system used in this trial makes it more technically challenging to ensure true circumferential ablation, compared to more contemporary multipolar systems, hence the efficacy of the treatment will be highly operator dependent. Interestingly, the SYMPLICITY HTN-3 trial reported that outcomes between operators performing five or more procedures and those performing fewer than five procedures were similar, with no evidence of a learning curve for high-volume operators when earlier procedures were compared with later ones. It remains unclear whether similar results will be seen with other multipolar systems currently on the market, which have been designed to enable the delivery of a circumferential ablation to the renal artery, or whether the lack of efficacy reported with the SYMPLICITY system represents a class effect. An interesting finding of the SYMPLICITY HTN-3 was that major reductions in blood pressure, which were not present in the previous SYMPLICITY trials, were observed in the control group. One explanation for this was that there was greater exposure to spironolactone in SYMPLICITY HTN-3. 25 The other explanations may relate to the difference in control arm and the use of sham operation, which may lead to improved adherence to medication and the placebo effect.
Despite renal denervation being undertaken predominantly in patients with drug-resistant hypertension who are at significant risk from future cardiovascular events, the very nature of an invasive procedure itself may predispose to potential cardiovascular complications. SYMPLICITY HTN-3 is the first high-quality study to demonstrate the safety of the procedure in terms of cardiovascular disease and mortality end points, with no significant increases in major adverse events, defined as death from any cause, end-stage renal disease, embolic events resulting in end-organ damage, renal-artery or other vascular complications, hypertensive crisis within 30 days or new renal-artery stenosis of more than 70% within 6 months following the denervation procedure. A few other studies have described procedure-related complications, the most common of which being access site related complications at the femoral access such as haematomas, pseudoaneurysms, etc (approximately 2%), with two reported cases of renal artery dissection (<1%) that needed renal artery stenting. 6 21 26 Furthermore, concerns have been raised regarding the impact of renal denervation on renal function. 27 There is limited long-term evidence from the SYMPLICITY HTN-1, that there was a decrease in estimatedglomerular filtration rate after renal denervation but it is unclear if this is related to changes in medication after the procedure. 28 Our systematic review has a few strengths. We were able to identify studies that reported mean differences and SDs that enable statistical pooling of results. We have considered studies of different design that varied in their risk of bias. Our systematic review relies on the most up-to-date evidence, including data derived from the largest, highest quality randomised controlled trial.
Study limitations
The major limitations of our review stem from only one high-quality study; the majority were underpowered and longer follow-up is needed. Furthermore, there may have been overlap of some of the studies, for example, both the Ukena 19 and Mahfoud 17 18 analyses contained a small number of patients that were enrolled as part of the SYMPLICITY HTN-1 and/or SYMPLICITY HTN-2 studies. The sample sizes of studies included were as small as 20 patients, which are insufficient to capture safety events. Non-blinded studies have a risk of bias in outcome assessment and the heterogeneity and lack of management description of the control group is another limitation. These studies lack a standardised diagnostic work-up to exclude secondary hypertension and do not include ambulatory out-of-the-office blood pressure measurement to exclude white coat hypertension or a formal assessment of adherence. Finally, there is the potential for publication bias and selective outcome reporting, particularly with a new technology such as renal denervation where investigators who found no benefit from renal denervation may have decided either to not publish the data or to only report selected significant findings.
In summary, evidence for the efficacy of renal denervation using catheter-based systems in reducing blood pressure in resistant hypertension is derived from unblinded studies that are at risk of bias. The highest quality single blinded randomised controlled trial did not show efficacy in office blood pressure reduction, although it did meet its safety end point. Future studies investigating the efficacy of renal denervation in the treatment of drug-resistant hypertension should be undertaken in a blinded manner, with sham procedures in the control group and ambulatory monitoring to reduce the potential for bias.
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